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An asymmetrical constriction in a pipe functions as an imperfect gas diode for acoustic oscillations
in the pipe. One or more gas diodes in a loop of pipe create substantial mean flow, approximately
proportional to the amplitude of the oscillations. Measurements of wave shape, time-averaged
pressure distribution, mass flow, and acoustic power dissipation are presented for a two-diode loop.
Analysis of the phenomena is complicated because both the mean flow and the acoustic flow are
turbulent and each affects the other significantly. The quasi-steady approximation yields results in
rough agreement with the measurements. Acoustically driven heat-transfer loops based on these
phenomena may provide useful heat transfer external to thermoacoustic and Stirling engines and
refrigerators. ©2004 Acoustical Society of AmericdDOI: 10.1121/1.1804634

PACS numbers: 43.35.Ud, 43.25.Nm, 43.25|QR] Pages: 2923-2938

I. INTRODUCTION available as a flowing air stream or water stream. Engines
must also accept heat from a heat source at a higher tempera-
Stirling’s hot-air engin&” of the early 19th century was ture, e.g., a stream of combustion products from a burner.
one of the first heat engines to use oscillating thermodynamgrefrigerators must withdraw heat from a load at lower tem-
ics of a gas in a sealed system. Since then, a variety Qderature, which is sometimes in the form of a flowing
related engines and refrigerators has been developed, inclugneam; examples include a stream of indoor air to be cooled
ing Stirling refrigeratoré;? Ericsson engine‘éprificg pulse-  and dehumidified and a stream of oxygen to be cooled and
tube refn_geratoré, standing-wave thermoacoustic enginesgyqgenically liquefied. Hence, the typical heat exchanger in
and refrigerator§, free-piston _Stirling — engines  and a6 engines and refrigerators must transfer heat between a
refrigerators, and thermoacoustic-Stirling hybrid engines steadily flowing “process fluid” stream such as these and the

and refrigerators (also known as traveling-wave o o . :
L : . oscillating thermodynamic “working gas(often pressurized
systemy®~1! Combinations thereof, such as the Vuilleumier helium) g y g gasl P

refrigeratot? and the thermoacoustically driven orifice pulse- . . .
. 3 . . : . In large, high-power engines and refrigerators, the ther-
tube refrigeratot? have provided heat-driven refrigeration. . Y i .
mal conductivity of solids is insufficient to carry the required

Today, the efficient, mature members of this family of en- ts without sianificant t ¢ diff
gines and refrigerators are in use in several niche marke'[g',ea_S Without significant femperature difierences, so geo-
metrically complicated heat exchangers must usually be used

ranging from small cryocoolers with cooling powers below ™ h fuid and th i brinai
10 W to large enginege.g., for submarine propulsipwith 0 Interweave the process fluid and the working gas, bringing
them into intimate thermal contact. A shell-and-tube heat

powers near 100 kW. i ) : k X
Much of the recent evolution of this family of exchf'amgér4 is typlcal. In th_e orientation of F!g. _(;’a), the
oscillating-gas thermodynamic technologies has been driveOrking gas oscillates vertically through the insides of the
by the search for simplicity, reliability, and low fabrication Many tubes, while the process fluid flows horizontally
costs through the elimination of moving parts] especia”yaround and between the outsides of the tubes. Features Spe-
elimination of moving parts at temperatures other than amcific to oscillating-gas engines and refrigerators impose un-
bient temperature, without seriously compromising effi-fortunate constraints on such heat exchangers as they are
ciency. For example, the orifice pulse-tube refrigerator lackscaled up to higher power. Higher power demands more
the cold piston of previous cryogenic Stirling refrigerators; heat-transfer surface area, lest the efficiency suffer. However,
the free-piston Stirling engine lacks the crankshafts and cortube lengths cannot be increased, because having such tube
necting rods present in previous Stirling engines; and thdéengths greater than the oscillatory stroke of the working gas
thermoacoustic-Stirling hybrid engine eliminates pistons predoes not effectively transfer more heat. Hence, the obvious
viously needed. approach to scaleup is to increase the number of tubes in
Heat exchangers may offer a second opportunity for draproportion to the power, keeping the length and diameter of
matic improvement in simplicity, reliability, and low fabrica- each tube constant. Such heat exchangers can have hundreds
tion cost, particularly in engines and refrigerators of hlghor thousands of tubes, Causing expe(‘[‘m;ause many parts
power. All engines and refrigerators must reject waste heat tgyst pe handled, assembled, and joinadd unreliability
ambient temperature, and the ambient heat sink is Oﬁe(because many joints must be leak tigithermally induced
stress poses an additional challenge to reliability when such a
dElectronic mail: swift@lanl.gov; URL: www.lanl.gov/thermoacoustics/ ~ geometrically complex heat exchanger is at an extreme tem-
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of the cold box or cabinet. In contrast, when one tries to

Regenerator

or stack adapt an oscillating-gas refrigerator to this application, the
Traditional shell-and-tube cold heat exchanger and ambient heat exchanger must be
OIIIIIIIIIIH’fé heat exchanger very close together, separated only by the regenerator or

| — stack, whose length is typically only several centimeters.
~ Duct, pulse tube, or Hence, intermediate heat transfer equipment, such as heat

\/\/\*J‘I\* thermal buffer tube pipes or pumped-fluid heat-transfer loops, must typically be

@ used. These add complexity and expense.

p— A2 To explore a new way to circumvent these shortcomings,

we have begun to investigate the alternative heat-exchanger
Gas diode scheme illustrated in Fig.(ft). This resonant, self-pumped,

Regenerator
or stack

Mixing chamber

circulating thermoacoustic heat exchanger is a single (@pe
a few in parallel, which could be bent or coiled compactly,
with a length equal to one wavelength of sound in the work-
----------- ing gas in the pipe at the frequency of the engine’s or refrig-

/4

N /4 L .
Flow 1~ Duct, pulse tube, or erator’s oscillation. Both ends of the pipe are attached as
straightener thermal buffer tube “branches” to the “trunk” where a traditional heat ex-

changer would be expected. Oscillations of the gas in the
pipe are caused by those in the trunk. Two gas diodes are in
the pipe, each located a quarter wavelength from one end of
the pipe. These create nonzero mean flow, so the motion of
the working gas in the circulating heat exchanger is a super-

(b)

——

-~ ~
7 - ™
/ wt=371/2 N

u

o% wi=0 N e position of oscillating flow and steady flow. Most of the ex-
0.00 0.25 0.50 “\_ 075 7 1.00 tensive outside surface area of the pipe is available for ther-
© ot =m/2 ST A mal contact with the process fluid, which can flow either

parallel or perpendicular to the pipe. The mean flow in the

FIG. 1. () A portion of an oscillating-gas engine or refrigerator, containing loop carries heat between this surface area and the mixing
a shell-and-tube heat exchanger or other traditional cross-flow heat ®hamber in the trunk

changer. The heat exchanger is below a stack or regenerator, and is above a . .
pulse tube, thermal buffer tube, or open duct. The oscillating flow of the The gas diodes are the key to the heat-transfer circula-

working gas(e.g., pressurized heliumis vertical throughout. The steady tion in Fig. 1(b). These are nonlinear flow elements having
ﬂﬁW of I(TS ETOCESS ﬂl]jide-g-' _\;Ivat_e)f is horizontal thfo?gh the heat ?-h different flow resistances for flow in different directions. Gas
changer. portion of an oscillating-gas engine or refrigerator, in which . : L

the traditional heat exchanger has been replaced by a single external pi eIOdeS gre typlgally much less perfeCt than eIec'Fronlc diodes,
one wavelength long. Gas diodes at the velocity maxima create mean flo@ft€n with a ratio of backward and forward flow impedances
which steadily transfers heat between the process fluid outside the pipe adgdss than a factor of 10. Gas diodes include the vortex diodes
the engine or refrigerator to which the pipe ends are attadhepQualitative described by Mitchel’r? the valvular conduit described by

plot of volume velocityU as a function of locationx in the pipe, at four 16 . .
equally spaced timesduring a cycle of the wave. The zero of time phase is Tesla,” and the conical and tapered structures called Jet

when the pressure in the mixing chamber is a maximum. pumps in some recent publicatiotfs.’
The fact that the length of the pipe in Fig(bl is one
wavelength of sound leads to beneficial features, illustrated

perature, i.e., a red-hot temperature for an engine or a cryan Fig. 1(c). The gas diodes are located where the oscillating
genic temperature for a refrigerator. volume velocity® is a maximum, so they can create a large

Another shortcoming of the heat exchangers oftime-averaged pressure difference and a large mean flow, as
oscillating-gas engines and refrigerators is that they ofte@xplained more fully below. Meanwhile, the ends of the pipe
must be located close to one another, simply because eaeite locations of minimal oscillating volume velocity, so that
heat exchanger must be adjacent to one end or the other obnnecting the pipe to the trunk perturbs the oscillations in
the nearest stack, regenerator, pulse tube, or thermal bufféne trunk minimally. Figure () illustrates such minimal per-
tube, and these components themselves are typically shottirbation with the pipe ends presenting a real impedance to
The practical importance of this shortcoming is easily apprethe trunk, but a slightly shorter pipe would add a positive
ciated by considering the food refrigerator in the typicalimaginary part to that impedance, which could be useful for
American kitchen. Its “vapor compression” cooling technol- canceling unwanted compliance in the trunk. Estimates indi-
ogy allows complete flexibility in the geometrical separationcate that the mean flow can be many times larger than the
of the cold heat exchanger, where heat is absorbed from thescillating flow amplitude where the pipe joins the trunk;
inside of the cold box, and the ambient heat exchangeffig. 1(c) illustrates it as 2.4 times larger.
where waste heat is rejected to the air in the kitchen, typi- A nonresonant but otherwise similar concept was de-
cally behind or under the refrigerator cabinet. With vapor-scribed by Mitcheft® for a particular case: the heat ex-
compression technology, not only can these heat exchangethanger at the ambient end of the pulse tube of an orifice
be located freely, but their shapes can be chosen as needpdlse-tube refrigerator. Mitchell replaced this particular heat
for their circumstances, e.g., to accommodate fan-driven oexchanger and the orifice by a heat-transfer loop containing
natural convection, and to fit in and around the desired shapene or more gas diodes to convert some of the oscillatory
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power in the wave into mean flow of the working gas around (a) (—% P - Pressure sensor
the loop. The dissipation in the gas diésleand other acous- () _ vawve T - Temperature sensor
tic dissipation in the loop serve the dissipative function of T|[F 17|[? [P § - Position sensor
the original orifice, and the surface area along the entire path
length of the loop serves the function of the original heat (b)
exchanger. T T ,
We undertook the work described here to investigate the
main issues that are involved with using the resonant self-
pumped loop for heat transfer. The insulated, electrically
heated or water-cooled resonant loop described below was T
attached at both ends to a mixing chamber, where the sounc
wave was generated by a motor-driven piston and where hea
from the electrically heated loop was rejected to water- 1
cooled heat exchangers. Thermocouples monitored the tem
perature rise as the gas circulated through the insulated
heated loop; pressure transducers detected the oscillator
pressure associated with the wave and the time-average: .
pressures associated with the mean flow. Most features of the 1 ’
experimental results are explained qualitatively by treating § )
the oscillatory and mean flows as independently superim- T uli
posed except at the gas diodes. The use of the quasi-steac T ! p
approximation to analyze interactions of the oscillatory and
mean flows throughout the loop, occurring through the Dop- T - -
pler effect and the nonlinearity of turbulent flow resistance,
provides a better, reasonably quantitative interpretation of
the measurements. An appendix summarizes the most te
dious aspects of the application of the quasi-steady approxi-
mation to this situation.
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Il. APPARATUS AND PRELIMINARY MEASUREMENTS T T

AAF

From among the low-cost gases, we chose argon at &
mean pressur@,,=2.4 MPa for this investigation, because
its high density gives it a low sound speed and small viscous T T
and thermal penetration depths, which helped to keep the ¢
size of the apparatus and the thermal and acoustic power: 1.
small enough for easy experimentation. We chese0 Hz
for the operating frequency and2 cm for the inside diam- )

. L . . Drive assembly
eter of the pipe, for compatibility with a linear motor and [see (c)]
piston (described beloythat were available in our lab.

The apparatus is illustrated in Fig. 2. The ON€-ri6. 2. scale drawings of the apparat(e.Overview of the entire appara-
wavelength loop shown in Fig(& had a total length of 6.33  tus, except for the linear motor and its pressure housing below the bottom.
m and was made mostly of seamless stainless-steel pipe willhe gas diodes were located 1/4 and 3/4 of the way around the loop of

an inside diameteripe=2.21 cm. Long-radius elbows and piping, and th? \’/’alve was halfway aroun’(’i. The locations of most of the
thermocouple$“T” ) and pressure sensdf$” ) in the apparatus are shown

flttlngsl SmOOthIY matched this pipes inside diameter. Ain this view. The four long, straight runs of pigeach having five thermo-
valve at the velocity node halfway around the loop, at the topouples were wrapped with heating blankets. The entire loop was then
of Fig. 2(@), could be used to stop and start the mean flowwrapped with thermal insulation. However, for some measurements, four

while leaving the acoustics mostly undisturbed. Two geo_alternative straight runs of pipe were used, each having a water jacket in-

. . . . . stead of the thermocouples, heater blanket, and insulation. The spatial extent
metrically identical Set.S of piping—one with tI"err’nocouplels’of the heating blankets and water jackets is shown in the upper fight.
heaters, and thermal insulation, the other cooled by flowingetailed view of one of the gas diodes, also showing how the fittings come

water—could be easily interchanged as desired for diﬁererﬂpaft.(c) Detailed view of the drive assembly. The piston, driven by a linear
otor, insonified the apparatus. The two optional heat exchangers rejected

types of measur_ements' For example, gqumbratlon _Of th‘g]eat to flowing water at ambient temperature. Temperature and pressure
temperature profile around the loop required hours with th&ensors not shown ie) are shown here. Bolts holding the drive assembly

insulated pipes, but steady state could be reached in a fetwgether are not shown.
minutes with the water-jacketed pipes.

Gas diodes were located 1/4 and 3/4 of the way around
the loop. Each was a machined brass cylinder with fittings= 1.4 cm diameter at its small end, so the angle between the
brazed onto the ends, as shown in Figh)2The inside sur- cone wall and the centerline was 1.75°. The inner edge at the
face was a smooth cone 13.3 cm long, tapering from the 2.24mall end was rounded with a radius of 2.3 mm. These di-
cm diameter of the loop piping at its large end Byy; ~ mensions were chosen to minimize acoustic power dissipa-
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tion and to minimize the flow resistance into the small end 200
while simultaneously generating a large time-averaged pres-
sure difference, according to the analysis presented in Sec 100
[ A. =
Eight piezoresistive pressure transduveere arrayed & ¢
along the loop as shown in Fig(&, and two more were &
located in the drive assembly as shown in Fi@.) 2A lock-in 100
amplifie?! was used to measure their oscillating voltage am-
plitudes and phases to obtain the complex pressure amplitude 4 |
p; at each location, and a five-digit voltmeter was used to T . T T T T
measure their average voltages for calibration checks andtc 5 F (0) 1

. . . [ 10 Real

obtain the second-order, time-averaged presguygassoci- \

ated in part with the mean flow around the I68pThe ref- 0k t t +
erence side of the pressure transducer near the piston in Figs [

2(c) was always at atmospheric pressure, while the reference 5[

sides of the other nine transducers were held at 2.4 MPa sc . L L L L
that the temperature dependence of the transducers’ gains di
not interfere with the measurements pf ;—otherwise, a
small drift in temperature would have caused a large drift in <
average voltage, masking the small voltage changes due tc &
time-averaged pressure. The four transducers closest to the -5
two gas diodes were connected to the loop through thin-
walled stainless-steel capillaries 4 cm long and 0.6 mm i.d. . :
so that their temperatures were minimally affected by the 0 1 2 3 4 5 6
wave in the pipe; this feature is discussed in more detail in x(m)

Sec. Il B. Simple modeling of the acoustics of these capil-

laries and the volumes associated with the transducers indf’C: 3. A typical wave, with 2.4-MPa argon at 48.4 Hz, using the water-

. . cooled loop and with the valve closed to enforce zero mean flow, as a
cated that the amp“tUde drop along the caplllary was Onbfunction of position around the loop, with=0 andx=6.33 m where the
0.1% and the phase shift was only 0.2°. loop meets the mixing chamber. Both gas diodes were oriented to encourage

Figure 3a) shows measurements @f, for a typical flow in the positivex direction, with their small ends toward smalber (a)

wave with the |00p valve closed to prevent mean flow TheReal and imaginary parts of the pressure wave. Points are measured values
’ and lines are calculationgb) Calculated real and imaginary parts of the

corresponding calculated curves in Figéa)3and 3b) were volume-velocity wave. Ir{a) and(b), the standing-wave components are so
generated straightforwardly by integrating the acoustic momuch larger than the out-of-phase components that the latter have been
mentum and continuity equations with DeIt?ﬁE,using multiplied by'lo'for c_larity. Tr_1e_ zero of time phase is ch_osen so that the
“cone" for each gas diode's tapered portion and “duct” for e oscletors i he mnd clamber e e e serages
the rest of the loop(DeltakE’s wall roughness factor for tur- per. points are measured values and lines are calculations. The two vertical
bulence was set at>610 . Under the conditions of Fig. 3, dotted lines are at the smail-small-diameter ends of the gas diodes. The
turbulence is expected in the gas-diodes’ cones and near thertical discontinuity is at the valve.
maxima in volume velocityU,| in the 2.21-cm-i.d. pipe,
where the gas displacement amplitude over viscous penetrgerded while the apparatus was running in steady state. Next,
tion depth is|&,|/8,=830 and the Reynolds-number ampli- the power to the drive piston was shut off and a valve was
tude [Ng 1| =|U1|DpipePm/ Spipett =580 000, whereD is di-  opened to equalize the pressures above and below the piston
ameter,p, is mean densityS is cross-sectional area, apd  more quickly than would otherwise have occurred through
is viscosity) An “impedance” at the small end of the cone the leakage around the piston. Time-averaged voltages were
accounted for the extra dissipation caused by the abrupt areasyain recorded from each transducer, and these were sub-
change there, calculated as described near(E%).in Sec. tracted from the earlier measurements. This subtraction ac-
[l A. To produce the calculated curves in Fig. 3, the meancounted for different transducers having different offset volt-
pressure, temperature, frequency, and the pressure oscillatiages. These voltage differences were multiplied by the
amplitude in the mixing chamber were fixed at the experi-calibration constants of the transducers to yielg for each
mental values. The agreement between the measured and cainsducer. However, these values gf, included a large
culated pressure waves in Fig(aBis excellent, inspiring common-mode effect of no interest to us, due mostly to the
confidence that the calculated wave of volume velodifyis  front-to-back time-averaged pressure difference across the
accurate, too. The left-right symmetry in FiggaBand 3b) moving piston, generated in part by nonlinear leakage past
is nearly perfect: The asymmetry of the two gas diodes’ orithe piston. Hence, the common-mode parpdf was elimi-
entations has a very small effect on the wave when the valveated by subtracting;, in the mixing chamber from its
is closed. value at each of the transducers, yielding,. Figure 3c)
Obtaining meaningful measurements of time-averageghows a typical set of such results, wjih ;=0 in the mix-
pressure required a multi-step procedure. First, the timeing chamberatx=0 andx=6.33 m) a consequence of this
averaged voltages from the pressure transducers were rprocedural definition op, .

(liter/s)

(kPa)
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The calculated curvp, (x) shown in Fig. 8c) includes T T T T A T
both reversible nonlinear effects and irreversible nonlinear O [ 00 A oo 0%0 agoO 1
effects. The reversible effects arise from what can be loosely i o 4 o © ]
described as the acoustic version of Bernoulli's equation, I A R a AA ]
with low time-averaged pressure at locations of high time- _ 5ol aa oO" & A Q 0O Aaa
averaged velocity. The well-known lossless expreséih £ |, ¢ a
obtained by properly time averaging lossless equations of + 40 | .
fluid mechanics I I

|p1(x)|2 Pm|U1(X)|2 30-5 v Vv vV V'Vvvvv'v'é

p2,0(x): 4Pma2 - 4[S(X)]2 +C, (1) 20(9v Vv v é‘)
wherea is the sound speed, wihy, andU; from Figs. 3a) 0 1 2 3 4 5 6

and 3b), was used to compute the smoothly varying portions x(m)

of the curve of Fig. &). The two steep portions of the solid FiG. 4. Temperatur@ as a function of position around the loop for three
curve in Fig. 3c), extending below the bottom of the graph, base line circumstances with the valve closed. Open circles: no acoustic

indicate the contribution o8(x) in the conical tapers of the Power, 41 W applied with electric heaters, 1.15 W/°C insulation. Inverted
gas diodes to E({.l). triangles: No electric heat, 53 W of acoustic power applied with piston

. . (|p1] =152 kPa in the mixing chamber2 W/°C insulation. Erect triangles:
The. three abrupt steps in the curve of Figc)3 two ~ No electric heat, 124 W of acoustic power applied with pistdp,(
(dotted lineg at the small ends of the gas diodes and the third=207 kPa in the mixing chamber2 W/°C insulation. The points at=0

(no |ine) at the valve, mark changes in the const@nn Eq. andx=6.33 m are temperatures inside the mixing chamber; other points are
(1) from region to region in the apparatus. The small end ofemperatures on the wall of the loop.
each gas diode generates its stepjn from a combination

of the effect of the step in area in EQ) and the irreversible o
“minor loss.” 2® The algorithm used to calculate the magni- shows measurements of the temperature distribdt{o) for

tude of the minor-loss contribution is described in Sec. Il A, thrée simple circumstances, giving some indication of the
The steps inp, o located at and caused by the gas diodedvariability in local temperatures resulting from spatial non-
impose their sum across the valvesat 3.2 m, where the uniformity in coverage by the electric heaters, acoustic
pressure difference of 4 kPa represents the effect that encourower dissipation, and thermoacoustic heat pumping. With
ages nonzero mean flow as soon as the valve is opened. TRlectric heat and no acoustic oscillations, the thermocouples
experimental values of these irreversible steps shown in Figlosest to the unheated portiofithe gas diodes and the
3(c) are about 10% smaller than the calculated values. oOthefalve) are the coolest. With the most intense acoustic oscil-
than this discrepancy, which is examined in more detail infations, the thermocouples near the gas diodes, where dissi-
Sec. I B, the agreement between the experimental and caPation of acoustic power is highest, are the warmest.
culated values in Fig.(8) is excellent. Connecting both ends of the loop to the driving system,
The insulated pipes included type K thermocouples andt the bottom of Fig. @) and shown in more detail in Fig.
electric-resistance heaters with locations as shown in Fig. 2(C), was the “mixing chamber.” The mixing chamber was
The 22 thermocouples on the loop itself were spot welded t@&n open cylindrical space 10.2 cm in diameter and 3.18 cm
the outside of the pipe and were approximately equallytall, with the loop connections at diametrically opposite lo-
spaced, except for a larger gap across the valve at the topations. In addition to the pressure transducer mounted in its
Wrapped around the outside of the straight sections of th&ide wall, the mixing chamber contained five thermocouples,
loop were flexible heaterfs,with power delivered by a vari- €xtending into the gas itself, axially centered and at various
able autotransformer and measured with an electronic powéadial and azimuthal positions. A sixth thermocouple ex-
meter’® Surrounding the heaters and all the unheated parts dgnded into the loop 5 cm, on the “hot” side, i.e., the side
the loop was a layer of flexible foam insulation, 2 cm thick, delivering mean flow from the loop to the mixing chamber.
of the type often used to insulate residential hot water pipes. ~Water-cooled heat exchangers above and below the mix-
Measurements with the heaters and thermocouples and withg chamber, shown in Fig(®), were included when needed
no acoustics showed that the thermal conductance through remove heat from the system. Each heat exchanger was a
this insulation was 2 W/°C, about twice the value estimatedross-drilled brass block, with 404 holes of 2.26 mm diam-
from the dimensions and the nominal insulating value “R5,” eter and 20.6 mm length through which the argon oscillated
the excess presumably due to imperfections associated witrertically, and 51 perpendicular holes of the same diameter
the valve, fittings, pressure transducers, elbows, etc., and tf@d various lengths up to 10.2 cm through which ambient-
fact that the heaters covered only the convenient long partemperature water flowed horizontally.
of the loop. To reduce this heat leak, an additional layer of ~ The oscillations in the system were driven by an oscil-
rigid fiberglass insulatior{of the type often used to cover lating piston of 10.16 cm diameter, below the lower heat
industrial steam pipg@swas added to the straight portions, exchanger. The piston was driven in turn by a linear motor,
bringing their total diameter to 11.4 cm, and 3—5 cm of softnot shown in Fig. 2. The base plate, piston, and motor came
fiberglass was added around the elbows and vahatuding  as a complete package from the motor manufactiresith
the valve handle This reduced the measured thermal con-the motor housing sharing the same gas and mean pressure
ductance through the insulation to 1.15W/°C. Figure 4as the experimental system, so that perfect piston sealing was
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unnecessary and the gas exerted no significant time-average  5gq
force on the piston.

A mutual-inductance-based linear variable displacement
transduce¥ (LVDT) was mounted on the motor to indicate 150
the piston’s mean positiod,, and its complex displacement
oscillation amplitudet; . The LVDT was electrically excited
at 10 kHz and monitored by a lock-in amplifiéoperating at
that frequency. With the lock-in time constant at 3 s, this !
LVDT—lock-in combination was calibratdd situ by driving
the motor with enough dc curreffirst of one sign, then of 50
the othey so that an opaque edge moving with the piston half
blocked the light path of either of two light-emitting diode
(LED)-photodiode sets. The known distance between the two 0 0 5'0 1(')0 1;,0
LED-photodiode sets and the lock-in readings at the two E (W)
positions yielded the calibration of the LVDT-lock-in com- toad
bination. For measurements gf,, this lock-in’s time con-  FiG. 5. Acoustic power delivered by the pistoliye, as a function of
stant was kept at 3 s. For measurement§;ofthis lock-in's  acoustic power delivered to the dummy loa,,,. Circles, |p,
time constant was set at 165, and its output was fed to the =240 kPa in the mixing chamber. Squargs;|=170 kPa in the mixing
input of the lock-in used to measurs, . With the piston cha_mber. Thg straight line, a guide to the eye, has a slope of unity and an

. . . . . arbitrary vertical offset.
moving at 50 Hz at just the right amplitude, comparison of
the LVDT signal with the signals from the photodiodes
showed that these measurementg p&re accurate to 1% in ers, are not understood at that level of detail. Overall, we
amplitude and 1° in phase. estimate that the measurements of the acoustic power deliv-

To establish more confidence in the measuremet pf  ered to the mixing chamber by the piston have an uncertainty
we temporarily replaced the loop, mixing chamber, and headf about 2% due to sensor-calibration uncertainties plus a
exchangers with the shortest possible 10-cm-diam cylindefew watts due to this leakage dissipation.
and a dummy load, i.e., a valve functioning as a variable  During the course of the measurements, with tempera-
resistance in series with a tank of known voluiMe The ture often a significant function of locationaround the loop
powers dissipated in the lofldand delivered by the piston and with mean flow often nonzero, an easy experimental

pist (W)

100

are given by definition of loop resonance was needed so that the drive
wV frequency could be chosen without having to map out the
|'5l0ad;2_|m[plvpist Prands 2 entirg_wave as shown in Fig.(&@. We decided to use the
YPm condition
. W Oy ~
Epist= — %‘Sﬁm[pmist &, &) Re[£1/py pis] =20 um/kPa )

to define resonance, whem g is the complex pressure

oscillation amplitude above the piston and the numerical

Value of 20um/kPa is obtained from the calculated compli-
nce of the mixing chamber, heat exchangers, and adjacent

where w=2=f, f is the drive frequencyy is the ratio of
isobaric to isochoric specific heats, and the tilde denote
complex conjugation. Figure 5 shows a comparison of thes

powers for two different pressure amplitudes as the variablelo_cm_diam spaces in the driver assembly. The numerical

resistance was changed. The fact that the observed slopes Mue varied slightly with amplitude, because, varied

this plot are close to unity confirms the accuracy of the mea'slightly. For left-right symmetry in the loop, E¢5) implies

surements oE and, hence, ofé,| and the phase between hat the impedances of both branches from the mixing cham-
§randpy. _ber to the loop are real, an unambiguous definition of loop
~ The vertical offsets of the two sets of measurements inggonance frequency. For more general, asymmetrical condi-
Fig. 5 depended on pressure amplitude and were larger thapyns Eq.(5) implies that the sum of the imaginary parts of
could be accounted for simply by thermal-hysteresis losseg,e jnverse impedances of the two branches is zero, so that if
on the surface of the short 10-cm-diam cylinder. We assumgne end of the loop looks inertial the other must look com-
that the excess is due to oscillatory leakage past the pistopjiant. Before recording any other data, measurements of
Measurgments of .thIS excess power dissipation as a functiog, P1.pist Were obtained, Ré, /p; is] Was computedf was
of amplitude are fit well by adjusted, and the process was repeated unti{Hqvas sat-
E|eak=(0-000 14 WIkPa®)|p, |22 (4) isfied. This typi_cally took only 1 min to reach a resonance
frequency precise ta-0.01 Hz. However, the accuracy of
Some aspects of this leakage dissipatiery., the depen- the resonance frequency determined in this way was in doubt
dence ofE ., 0N |&;| andé&,) were not fully explored at the *0.5 Hz. The numerical value used in E§) was uncertain
detailed level of a few watts. Greater care was not justifiedbecause of uncertainty in how much of the calculated com-
because other dissipative effects in the mixing chamber, sugbliance volume, which included the heat-exchanger pas-
as the effect of amplitude-dependent turbulence on theages, should be regarded as isothermal instead of adiabatic.
thermal-hysteresis losses on the surfaces of the heat exchanigie more accurately known value of 17u4n/kPa was used

2928 J. Acoust. Soc. Am., Vol. 116, No. 5, November 2004 G. W. Swift and S. Backhaus: Self-pumped thermoacoustic heat exchanger



for measurements when the heat exchangers were omitted. @ 27w
With the water-cooled pipes in use, the experimental ~ OP=5— op(t)dt (7)
resonance frequency defined in this way decreased when the 0

valve was opened at fixed acoustic amplitude. The decrease

mlo—t
varied from 0.5% at low amplitude to 0.7% at high ampli- = % J 0K+%p(|Ul|Sinwt+ M/p)2dt
tude. Most of this change can be attributed to the 0.4% in- to
crease in length of the loop as the passage inside the “ball” 2rlw+ty 1 )
of the valve became part of the acoustic path. The experi- —f o K,Ep(|Ul|sin wt+M/p)%dt|, (8
mw— 0

mental resonance frequency increased quadratically with
acoustic amplitude, by 0.6% from low amplitude fp;|  whereK, andK_ are the minor-loss coefficients for the two
=240 kPa when the valve was closed and by 0.8% when thgirections of flow through the componer&,is the area on
valve was open. How much of this rise is attributable towhich theK’s are basedconventionally, the smallest cross-
temperature rise in the gas is unknown. Note that about gectional area of the compongritis time, and is the time
third of the acoustic power dissipation in the loop occurs inat which the volume velocity crosses zero, ifg. satisfies
the gas diodes, which are at velocity maxima of the WaVEfU1|sinwto+M/p=0. (If |M/p|>|U1|, no solution fort, ex-

where a change in temperature has the largest effect on th&s and either this , or K _ integral is carried out from 0 to
resonance frequency. o 27l w. Otherwise, the zero crossing withm/2< wty<0 is

In the calculations plotted in Fig. 3 and throughout thecposen. Equation(8) is a straightforward extension of the
rest of the paper, t_he experlmenta_l frequency was used in t_htﬂscussion near Eq7.76 in Ref. 33.
calculations. Forcing the calculations to mimic the experi- oy choice of notation for the steady flow calls for some

mentally defined resonancee., to zero the sum of the cal- eypjanation, because no choice seems completely satisfac-
culated imaginary parts of the impedances of the two ends qf

the loop at the mixing chambecould be accomplished ei- ory. Results below show thail is approximately propor-

. . tional to the first power of the an plitude of the wave and is
! 0, -
ther by setting the calculation’s frequency 1% above the exC par ble in size t |U1|, but Subscript “1" would |

perimental resonance frequency or by reducing the calcula- leading b . d i | g
tion’s temperature by 2% to reduce the sound speed by 10fnisleading because it would improperly suggest tiats

However, this alternative calculation scheme made little dif_complex or oscnlato_ry. A SUbSC”ptm. qud inappropri-
ference in other calculated results. ately suggest that this steady flow exists in the absence of the

sound wave(just asp,, and p,, exist in the absence of the
wave. We have chosen to udd, without subscripts, be-
cause it is simple and because the most reliable measure-
ments described below detect mass flow, not volume flow.

Ill. CIRCULATING MEAN FLOW The mass flowM in this paper should not be confused with
the much smaller, second-order time-averaged mass flow

A. Theory - 1 ~ . . 0,11,33

M, = 2Rd p;U ]+ pmUs o in previous work!%*

In Fig. 3(c), the step inp, o across the valve shows that ~ Assuming that all variables excepiitself are indepen-

the loop is ready to deliver nonzero time-averaged mass flowent of time, performing the integrals in E(B) yields the

M in the positivex direction as soon as the valve is irreversible second-order time-averaged pressure difference

opened? In this subsection, analysis directed toward under- .

standing such time-averaged effects is presented. This analyP2,0= — K- (M?/2py,S*+ py|U1|%/4S%)  for e<—1 (9

sis is based on simple assumptions, but nonetheless captures

- : pmlU1|? Ky +K_ 2
many of the experimental features described below. The  — (K —K_){1+2e24+ ——— —
guasi-steady approximation is central: We proceed as if the 8S Ki=K_ 7
results of steady-flow analysis can be applied at each instant
of time without memory of recent past history. X[(1+2e?)sin te+3e \/1—82]] for |e|<1 (10
The irreversible part of the turbulent-flow pressure dif-
ferencedp across any lumped element, including minor-loss _ K+(M2/2pm52+pm|U1|2/452) for e=1, (11)

components such as gas diodes, is conventiotfakyx-
pressed using the minor-loss coefficiént where the flow-rate ratie=M/p,,|U,|. Our gas diodes op-
erate with|e| <1, so that the flow passes through zero twice
during each cycle. Whefe|>1, the flow is unidirectional.
Signs have been chosen so that positipediscourages posi-
tive M andK . corresponds to flow in the-x direction.
wherep is the gas's density and is its velocity at a refer- To obtain 5pg¢, for our gas diodes’ geometry from Eq.
ence location in the lumped element. Hence, for superimt10), we use the well-established Borda—Carnot expred$ion
posed steady and oscillatory flows, the irreversible part of P 2

the time-averaged pressure difference developed across each K== (1~ Sga/Spipe) (12
component due to the time-dependent flow through it can béor minor-loss flow through the abrupt expansion fr&g to
estimated using Spipe t0 Obtain K_=0.364. We combine equations and a

Sp=Kpu?/2, (6)

J. Acoust. Soc. Am., Vol. 116, No. 5, November 2004 G. W. Swift and S. Backhaus: Self-pumped thermoacoustic heat exchanger 2929



chart from Ref. 32, for an abrupt contraction with a rounded  To Eq. (15 or Egs. (A9) and (A10) for the time-
edge plus a term accounting for radial nonuniformity in aaveraged pressure gradient along the uniform-diameter por-
short conical expander, to obtalk, =0.04. These quasi- tions of the pipe are added two pressure drops due to drag on
steady estimates and the entire quasi-steady approach intive mean flow by the conical surfaces of the two gas
duced in Eq(8) should be accurate for oscillatory flow if the diodes®>*8four pressure drops due to steady-flow minor loss
Reynolds number is sufficiently high and if the gas displacecorrections in the four 90° elbow,and one pressure drop
ment is sufficiently large. For the conditions of Fig. 3, due to steady-flow minor loss at the exit from the pipe to the
INR.1gd =|U1|Dgao/Sgar =920 000, buté,|/Dyqis only 9,  mixing chamber; all of these may also be increased by non-
the latter condition perhaps not extreme enough for completeero |U,| according to the multiplicative enhancement of
confidence in the quasi-steady approximatior Egs. (13) and (14). These seven pressure drops typically

Equations(9)—(11) with K, =K _ still depend ore, so  summed to about 50% of that of the uniform-diameter por-
apparently the oscillatory flow affects the time-averagedions.

pressure drop acrossymmetricalturbulent components as Setting the sum of the forcing pressures of the two gas
well as across the asymmetrical gas diodes. Setkng diodes equal to the sum of all these opposing steady-flow
=K_=K in Egs.(9)—(11) yields pressure drops allows one to fild. This must be done
i 5 numerically because of the complicated nature of the equa-
., Pm M/ppy, 1 tions. Qualitatively, Eq(10) shows thaﬁpgdois proportional
|9P2d = K?( Soipe ) (1+ @) for [e]=1 (13 to the square of the wave amplitude and Edp) shows that

the opposing pressure gradient in the loop is nearly propor-

Pm| Mlpm 2[(1+282)sin*1|s| +3le|V1-¢&7] tional to the square of the mean flow, so one can expect that
=K 2 S 2 the mean flow is roughly proportional to the wave amplitude.
Pe Again using the quasi-steady approximation, the acous-

for [e|<1. (14 tic power consumed by a turbulent lumped element such as a

) o gas diode due to the oscillatory component of the flow
This multiplicative enhancement of the steady-flow Pressurgnrough it can be estimated usiig

drop across a symmetrical turbulent component grows from -

near unity at smallu,| though 3/2 atU,|=M/p,, toward a AE= 2 3§ " w5p(t)|U1|sinwt dt (16)

linear asymptote of 4,|U4|/7M at large|U,|. The origin 2m Jo

of this increase is the fundamentally nonlinear nature of tur-

bulent flow resistance: If the flow is described IBy(t) =—

=R[U(t)]" with n#1, then the extra pressure difference 27S

caused by an increment of mass flow above the average

valueM is not canceled when an equal decrement below the X|U4|sinwt dt— f

average occurs half a cycle later. mloto
In the loop under investigation here, opposing the pres- +M/p)?

sure differences of Eq10) that are generated at the two gas

diodes is the time-averaged pressure gradient throughout the

rest of the loop due to/ flowing around the loop. To esti-

mate this pressure gradient, one might expetiat standard

equations of fluid mechanics, such as

mTEe

wlo—tg 1 ] i )
Ky Ep(|U1|Slnwt+ M/p)
t

0

2mlw+tg

1
K_Ep(|U1|Sinwt

><|U1|sinwtdt}. (17

This is a straightforward extension of the discussion near Eq.
(7.77 in Ref. 33. Again assuming that variables other than

: 2 itself are independent of time, performing the integrals

dp . pm | M/pn ields®

=g — : (15  yield

dx 2D pipe\ Spipe ol Usf?

- mi~1
could be used for the mean flow through the uniform-ared?E= ~eK- g~ for e<—1 (18)
parts of the loop, wherB ;. is the pipe diameter anfd, is 3 )
the Moody friction factor, which is given in most fluid me- _ Pml U4l (K_+K,) (1+ e 1—e2+ §8 sinle
chanics textbookge.g., Ref. 26 Some of the calculated 37 VT 2 2
curves presented below rely on this simple treatment of the
. . . K_—K, 37e

mean flow in the loop. However, E¢L5) describes nonlin- - | for |g|=<1 (19
ear, turbulent flow, so the arguments presented in the previ- K-+Ky 4
ous paragraph suggest that Efj5) could significantly un- pmlU 4]
derestimate the mean-flow resistance when oscillatory flow :SKJ'W for e=1. (20

is superimposed. Furthermore, the Moody friction fadtgr _

depends on velocity, so the consté&ntanalysis leading to We then useSp;=2AE/|U,| as an estimate of the first-order
Egs. (13) and (14) is not suitable. The appendix presents apressure difference caused by irreversible processes in such
derivation of expressions similar to Eq43) and(14) taking  components.

the velocity dependence 6f; into account; the result is Eqgs. As in Egs.(9) and(10), note the nontriviak dependence
(A9) and (A10). in Egs.(18)—(20), even ifK . =K _, indicating that acoustic-
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power dissipation in @ymmetricalturbulent component is wave is still that of a standing wave, as indicated by the
increased by superimposed steady flow. This increase isosine shape of Rp;] in Fig. 6(a), for which measured and

given by a multiplicative factor calculated values are in good agreement. Howeverpm
£2 3 changed dramatically when the valve was opened.
1+ —=|J1—€e?+ zesinte for |e|<1, (21 The solid lines in Figs. & and @b) represent the re-
2 2 sults of calculations using DeltaE, as described near the be-

3 ginning of Sec. Il and with the steady-flow phenomena cal-
—e| for |e|=1 (22)  culated assuming that the mean and oscillatory components
4 ) ) .
of the velocity are independent except at the gas diodes
if the component'K is independent of velocity. The Moody where they are linked through Eqd.0) and (19). The dra-
friction factor f, depends on velocity, so a more compli- matic disagreement between the experimentdlpjinand
cated analysis must be used to estimate the dissipation @fis calculation motivated us instead to model the Doppler
acoustic power in the straight portions of the pipe in theeffects (for which DeltaE cannot yet accountdf opposite
presence of superimposed steady flow. The appendix pr&igns in the nearly equal counterpropagating traveling-wave
sents a derivation of expressions similar to E@s)—(20) components of the standing wave. In the Doppler model,
taking the velocity dependence fyj into account; the result implemented in a spreadsheet, we used
is Egs.(Al1l) and(Al12).

p;=Ae KX+ Bek-X (23
B. Experiments with nonzero mean flow iS ) ” ) . . A
_ Ui=——r| 1+im (—ik,Ae *+*1ijk_Bek-X),
To quantitatively test foM #0 as predicted in the pre- @Pm 24
vious subsection, we operated the loop with the valve open. (
The effect of the mean flow on wave shape gad provided o (8,4 (y=1)8.]
indirect measurements M, and the heat carried byl pro- Ke=—— 1—|m# , (29
vided a nearly direct measure. The water-cooled pipes were atM/pS

most convenient for measurements of wave shapepaRd  \yherek. are the wave vectors for waves traveling with and
bec_;ause rapid equilibration to s_teady_ statg enabled rapid daé@ains’tl the mean flowA andB are the pressure amplitudes
taking and because the spatial uniformity of temperaturgy inose waves S, is the thermal penetration depth, and
yielded more confidence in calculations of the wave. Mea-_ J=1. With [8,+ (y—1)8,]/Dppe=0.005, the boundary-
surements with the hgated and insulated pipes were used Ité&/er approximation used in Eq23)—(25) is well justified.
detect heat carried by!. In the spreadsheet, the turbulence correction fattis cal-
With the valve open, the loop has the topology of aculated according to the algorithm used in Defth&nd de-
constricted annular resonator driven at one point, whosecribed near Eq(7.26 in Ref. 33, but with an additional
complicated behavior has been described by Muehleisen angbrrection due to the superimposed steady flow given in Egs.
Atchley*° Without constrictions or dissipation, the modes of (A15) and(A16). For laminar flowm=1; for turbulent flow,
such a resonator are degenerqte: With the length of.the loap>1. In the Doppler-model spreadsheet, each of the four
equal to one wavelength, standing waves of any spatial phagéng runs of pipe was subdivided into eight pieces, and each
and traveling waves of either direction satisfy the wave equagas-diode cone into two pieces; further subdivision did not
tion and share a single resonance frequency. Reference 4Bange the results. Equatiof@3) and (24) were used for
shows that an area constriction eliminates the degeneracyave propagation in each such piece, with continuitypgf
splitting the resonance into a “high” standing-wave modeand U, joining solutions between pieces. As in the DeltaE
and a “low” standing-wave mode. In the low mode, a veloc- calculation, Eq(19) was used for the minor-loss contribution
ity antinode is centered on the constriction, so the resonanag sp, across the gas diodes and E¢g0), (A10), and the
frequency is reduced because of the increased inertance @fscussion in the paragraph following E4.5) were used to

the constriction. In the high mode, a pressure antinode i§piain M. ComplexU, atx=0 was used as an adjustable
_centered on the constriction, so_the resonance frequ_ency ﬂ?arameter to ensure that complpx(0)=p,(6.33 m). The
increased by the reduced compliance of the constriction. I cylation’s gas temperature, which was constant along the
the present experiment, the gas diodes are constrictions, arﬂ)@pe, could also be adjusted slightly above the experimental
the low mode is desired. The resonance cond|fuon dgscrlbe\;lame to enforce IfiUy(0)]=Im[U,(6.33 m)], corresponding
near Eq.(5) selects the low mode. Only 2 Hz higher in fre- 1o oy operational definition of resonance, but this adjust-
quency, a weak local maximum ifp,| at the gas diodes ment had a negligible effect. The result, shown as the dashed
suggests the presence of the high mode. lines in Figs. 6a) and &b), displays REp;] and Infp,] in

The steps at the gas diodes in the calculated curves fofgreement with the experimental values. The agreement be-
Im[py] andpyin Figs. 3a) and 3c) are based on Eq¢l9)  yyeen this calculation and the measurements strongly sug-
and (10), respectively, withS=Sy; and M =0. These steps, gests that the Doppler effect is primarily responsible for the
and all other features of the curves, are in qualitative agregarge values of Ifp,].
ment with the measured pressures. Figure 6 shows corre- To consider this effect in more detail, notice that the
sponding measurements and calculationsMo# 0, with the  measured Ifp,] in Fig. 6(a) is not left-right antisymmetric;
valve open at the top of the loop. The overall character of thehe depth of the minimum near=4.8 m exceeds the height
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T T T T T FIG. 7. The part of Irfp,] near the gas diodes that is associated With

| #0, as a function of the amplitude of the wave. The horizontal axis is the
amplitude of the pressure oscillation in the mixing chamber, raised to the 3/2
power. The four sets of symbolsneasurementsand the four curvescal-
culationg correspond to the four pressure transducers closest to the two gas
diodes. The measurements were taken with the water-cooled pipes.

P2, (kPa)

of the maximum neax=1.6 m. This downward shift re-

sembles that of thé#1=0 data in Fig. 8a), where Injip,]
<0 is associated with the flow of acoustic power into the
loop from both ends. To more clearly distinguish the effect of

M=#0 from that of the acoustic power flow, in Fig. 7 we

display the difference betweeM #0 andM =0 measure-

ments of Infip,] at the four pressure transducers closest to the
two gas diodes, at five different pressure amplitudes. The
subtraction brings the results at the four transducers into
agreement with one another, and plotting these against the
3/2 power of the wave amplitude yields a reasonably straight

line. We do not understand whyl #0 should contribute to
Im[p,] in proportion to the 3/2 power of the wave amplitude.

0 1 2 3 4 5 6 Our spreadsheet-based Doppler calculations, also dis-
played in Fig. 7, show the difference betweer py when

M=#0 andM =0 more nearly proportional to the square of
the wave amplitude. The difference between calculated and

measured Iffp,] in Fig. 7 might simply be due tM depend-
ing on physics that we do not understand. However, one
FIG. 6. (@—(c) A typical wave, with 2.4-MPa argon at 48.1 Hz, using the other candidate is apparent: Both the calculations and the

water-cooled pipes and with the valve open to aIIM/# 0..The t'wo 9as  measurements deI #0 displayed a remarkably strong de-
diodes were oriented to encourage flow in the positiirection, with their pendence of Ifip,] on frequency as frequency was changed

small ends toward smallet. (a) Real and imaginary parts of the pressure . .
wave as a function of position around the loop. Points are measured valuedvay from resonance. Both rose with frequency, measured

and lines are calculationéh) Calculated real, imaginary, and mean parts of values rose about 30% per Hz and calculated values about
the volume velocity. In(&) and (b), the standing-wave components are so 40% per Hz. Hence, some of the difference between calcu-

much larger than the out-of-phase components that the latter have begn.: : :
multiplied by 3 for clarity. The zero of phase is chosen so that the pressureieatlons and measurements in Fig. 7 could be a small

oscillations in the mixing chamber are re@d) The time-averaged pressure ampliftude-dependent error or ambiguity about what really
as a function of position, relative to its value in the mixing chamber. Pointsconstitutes resonance frequency or what gas temperature
are measured values and lines are calculations. The two vertical dotted lineghgyld be used in the calculations.

are at the smabk, small-diameter ends of the gas diod@s.Temperature as . . .
a function of position around the loop, with the insulated pipes and the With such an imperfect understanding of [fo], we

2 W/°C insulation, under conditions similar to that @—(c). Filled sym-  cannot be confident in the accuracy of[He] in Fig. 6(b).
bols are temperatures measured on the metal surface of the loop and opktowever, Rgp,] appears to be well understood, and hence
symbols are temperatures measured in the gas. Gas temperature® at  \we should have confidence in the calculation Of[Ulﬂ

andx=6.33 m are those at five locations in the mixing chamber. Circles, no_, ; ; ; _
electric heat. Squares, 79 W electric heat. Erect triangles, 167 W electric dRe[pl]/dX’ which is the dominant part of the volume

heat. Inverted triangles, 252 W electric heat. The curves represent calculaté€!0City wave. The “me‘avera_ged pressure difference across
estimates corresponding to the erect triangles. the gas diodes and the resulting mean flow are dqw;&
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TABLE |. Contributions top,, in Fig. 6.

P
_ v
Each X mult= net 3r PR 4 f-
Reversible: /V/ v :
Pipe, Eq.(1) +5.0 kPa X2 0.00 kPa ~ < x 4
Cones, Eq(1) +10.0 kPa X2 000kPa & ,| 7% a 1
Irreversible: = e i 2 -
Gas diodes +1.68 kPa X2= +3.36 kPa é-‘ yz /‘ -7
Pipe —2.30 kPa //* - v ¥
Cones —0.28 kPa X2 —0.56 kPa 1k /! - v g v Y]
Elbows —0.085 kPa x4 —0.34 kPa g A_-~ X § A & A
Exit to mix. ch. —0.16 kPa ‘ P g % % A A A& s A
Total: 0.00 kPa /§ § A
0 L. '
0.000 0.005 0.010

at the gas diodes, where [Rhg] is negligible.
Hence, uncertainty about ] in Fig. 6(a) has a neg-

(|p1|/pm)2 in mixing chamber
Iigible effect on the calculated curve fplé in Fig 6(c). The FIG. 8. Time-averaged pressure difference across the gas diodes as a func-
0 ) ) tion of the normalized square of the amplitude of the oscillating pressure in

measured and calculated values MO are n rea_sonable the mixing chamber. Filled symbols, valve closed. Open symbols, valve
agreement. Table | shows the magnitudes of various contriopen. Erect triangles, gas diode n&ar1.6 m. Inverted triangles, gas diode

butions to the calculated curve. As in Fig(cB the largest nearx=4.8 m. Lines, corresponding calculations using Ed) (plus, for

contributor is the reversible effect expressed by E-q so the lower line, the small calculated steady-flow pressure difference across
" the cone and pipe segments between the pressure trangducers

the agreement between measurements and calculations in

that aspect of Fig. @) strengthens confidence in our knowl- ) _ )
edge of|U,|. The steps i, at the gas diodes are smaller ©f the time-averaged pressure differences across the gas di-

than they were in Fig. @), reflecting thes dependence in odes are shown in Fig. 8 as a function of the square of the

Eq. (10). The measured steps at the gas diodes appear si}2Ve amplitude. Filled symbols represent measurements
nificantly smaller than the calculations. with the valve closed; open symbols, the valve open. Pairs of

Closer examination of the time-averaged pressure differdat@ with the same symbols indicate a top-to-bottom inter-
ence across the gas diodes was challenging. Initially, thghange of the transducers, all other conditions being equal,

transducers closest to the gas diodes were simply installed f{SPlaying a lower bound of-0.2 kPa on the remaining sys-
the pipes with their tips retracted slightly from the pipe inner{€matic uncertainty in the measurements.
surface, as suggested in Ref. 42. The most linear transducers The line in Fig. 8 corresponding to tiéd =0 measure-
were selected from our inventory, so that time-averaged voltments was calculated using E40). The line corresponding
age would have no significant contribution from oscillating to the M #0 measurements is the calculated valuesp$ o
pressure interacting with transducer nonlineatityye esti-  between the pressure transducers nearest to the gas diode,
mate that this effect is less than 10 Pa for any conditionsvhich is mostly due to Eq(10) but with a typically 20%
encountered in these measurements. Nevertheless, followirngntribution from the impedance of the cone to steady flow.
the measurement procedure described just abovéliEgnd  The quadratic dependence 8f,, on |p,| in Fig. 8 corre-
swapping transducers from place to place showed systematiponds to the quadratic dependencesps, on |U4| in Eq.
errors as large as 0.7 kPa. We suspected that the temperatii®). However, the experimental magnitudes are significantly
dependence of the transducers’ offset voltages might be rdess than those predicted by E@0) with the values foK _
sponsible, because the sensing element of the transducaéndK . given below Eq.11). Distracted for weeks by sys-
might be at one temperature when the sound was on arngmatic errors arising from transducer imperfections, we did
another when it was off. Hence, we separated the transducenst at first recognize that this significant disagreement prob-
from the pipe by the 4 cm capillaries described in Sec. Il.ably arises from an important hydrodynamic phenomenon.
(The end-to-end time-averaged pressure difference in eachhe time-averaged pressure change across the small end of
capillary, due to nonlinear acoustics in the capillary and mi-each diode, indicated by the dotted vertical line segments in
nor losses at its end$,is estimated to be<5 Pa.) We also  Figs. 3¢) and 6c), is not sharply localized at the end of the
reduced the transducer bias voltage to 2.5 V instead of thdiode. The pressure transducer 4.8 cm from the small end of
manufacturer’s recommended 10 V in a further attempt tahe diode is actually located within the pressure-change zone.
keep the transducers near room temperature whether ttf&ubsequent measurements with the transducer 1.3 cm from
sound wave was on or off. From among our most lineaithe small end of the diode yielded measuig, , almost
transducers, we also selected two with the lowest offsettwice as large, and moving the transducer to 8.3 cm away
voltage temperature dependence and used them for all melom the end of the diode reduced the measuspd, sig-
surements. Despite these efforts, swapping transducers fronificantly. This entire range of locations is probably within
place to place and repeating experimental conditions sughe zone of vortex formation, lateral spatial nonuniformity,
gests that a systematic error 60.2 kPa remaingRandom and pressure recovery when the gas flows out of the small
uncertainty associated with reading the voltmeter isend of the diode, because these locations are within the gas
~0.1 kPa.) stroke lengths RJ;|/wSy=25cm and 2U4|/wS,pe

With all these instrumental precautions, measurements-10 cm.
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Tentative conclusions can be drawn from Fig. 8 despite 60
these uncertainties. The time-averaged pressure differenci
across the gas diodes is smaller with the valve open than 50
with the valve closed, corresponding to the calculated reduc-_.
tion arising frome # 0 in Eq.(10). The measured and calcu-
lated closed-open differences are in quantitative agreement=
suggesting that the measured closed-open pressure differencg 30

might be a useful, quantitative measureM#: 0 via thee
dependence in Eq(10). However, the gas diode near
=4.8 m was always stronger than the diode nearl.6 m.
Swapping diodes, pipes, and/or transducers indicated tha
this phenomenon was not an artifact of hardware imperfec-
tions; it was associated with the diodes’ locations and orien- 0 50 100 150 200 250
tations in the acoustic wave. This is evidence of behavior Ip4| (kPa)
beyond the quasi-steady approximation.

While Figs. 7 and 8 show indirect, pressure-based eviFIG. 9. Mass flow around the loop as a function of pressure amplitude in the

mixing chamber. Symbols are based on measured electric heat and tempera-
dence of nonzero mass flow around the loop when the valvg

) Ire rise, with the insulated pipes and the 1.15 W/°C insulation. Lines rep-
is open, temperature-based measurements such as showndgent calculations, based on two different sets of assumptions.

Fig. 6(d) provide direct evidence. Figurgd shows typical

appearances of measurements of temperature as a function of

position around the loop witll #0. The temperature rises espectively. This correction used the measured piston
as the gas moves around the loop in the positicrection, ~POWer, with an estimate of the small dissipation due to
receiving more and more heat from the electric heaters anBlowby and heat-exchanger impedance subtracted. The
from dissipation of acoustic power. For the erect trianglesCircles in Fig. 9 represent measurements with the loop aver-
two curves roughly illustrate the physics that we believe isd€ temperature in the range 43—47°C and the temperature

most important for the appearance of the data. The dashdép€ around the loop in the range 13-17°C. The triangles
curve shows a rough estimate of the gas temperature asfgPresent measurements with higher heats and temperatures,

function of x. Its slope is nonzero in the four electrically With the loop average temperature in the range 57-60°C
heated regions of the loop and is zero in the unheated regiof®d the temperature rise around the loop in the range
near the ends of the loop, the valve, and the gas diode§'0—24°C.IHence, the acoustic-power correctlon was a much
However, the measurements of temperature were made 6ﬁrger fraction of the total power for the circles than for the
the metal pipe, not in the gas; the difference between the pip&iangles, and the fact that these two sets of measurements
and gas temperatures must be proportional to the local rate §f¢ Well aligned in Fig. 9 indicates that the acoustic-power
heat transfer from pipe to gas and inversely proportional tg°Téction is not unreasonable. The open symbols in Fig. 9
the local pipe-to-gas heat-transfer coefficient. The solicé'e based on the full power as described above and the full

curve in Fig. 6d) shows a rough estimate of the pipe tem- témperature rise around the loop from=0.14m tox
perature, calculated using a Nusselt nuniberof =6.19 m, using thermocouples that were not on the electri-

0.04 N(x)1°8, with the Reynolds numbe based on the cally heated portions of the loop. The filled symbols are
square root of the sum of the squares of the mean velocit ase‘?' on half of the power and a temperature rise equal to
and thex-dependent rms oscillatory velocity. This rough es- he difference between the average temperature of thermo-

timate seems to capture the main qualititative features of thgo;ples iz ;hg rangreh3.5h§nr<]SG.l m and t(?ose in t]t:e ran ggo
data, presumably because the heat-transfer coefficient R /”f_)r(]\ ) In € f'g est .meﬁsﬁ]re _masT 905W 'S
highest near the gas diodes where the oscillatory velocity jgm/s. The total mass of argon in the loop Is only 95 gm, so
highest. the mean flow clears the entire loop evers at thehighest
The symbols in Fig. 9 represent steady flows inferre(]aCOL_Jl_sr:IC ?mpll]tude: Fio. 9 N it s t del th
from data such as those in Fig(dp, independent of the de- € two fines in g. 9 are two atlempts 1o model the

tails of the pipe-to-gas heat-transfer model. These mass flows o> flow as a function of.amplltude. The solid line repre-
. o i sents the results of calculations assuming that the mean flow
are obtained fromQ=McyAT, wherec,=520 J/kg°C is

. and the acoustic oscillations are independent, except at the
the isobaric specific heat of argon aQdandAT are the.heat gas diodes where Eq10) couples them. The resistance of
input and temperature rise obtained from measurem@nis.  the loop to mean flow is calculated using Ef5), a similar

the electric power applied to the loop, minus an estimate oéxpression for the cone resistance, and small additions for
the heat leak through the insulation, plus an estimate of théhe elbows and the mixing-chamber entrance. Thus, the solid
acoustic power dissipated in the loop. The heat-leak corredine corresponds to the solid curves in Fig. 6. This calcula-
tion varied from 8% to 20% for most of the data, but wastion overestimates the mean flow, so it must overestimate the
25% and 38% for the points at 50 and 25 kPa, respectivelystrength of the diodes or underestimate the mean-flow resis-
The acoustic-power correction varied from 1% at the lowestance of the rest of the loop. The dashed curve represents
amplitude through 10%-20% in the middle amplitudes tocalculations also using E¢LO0) for the gas diodes but taking
30% and 60% for the measurements at 227 and 238 kPajore complicated interactions between the steady and oscil-

40

w (gm/s
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FIG. 10. Acoustic power as a function of the cube of the pressure amplitud€&IG. 11. The calculated energy efficiency of the gas-diode pump as a func-
in the mixing chamber. Symbols are measured acoustic power delivered bijon of ¢ = M/p,|U,| and 8= (K_—K.,)/(K_+K,).

the piston. Experimental uncertainties are about 2%. Erect triangles, valve

open; inverted triangles, valve closed. Lines are calculated acoustic power

dissipatic_)n due to several sources. Short dashed lines, valve closed; Ior]g 5pgdo|\'/|/pm, while the power it consumes iﬁEgd- The
dashed lines, valve open. LS . . .
ratio of these, obtained from Eg&l0) and (19), is the effi-
ciency of the pump itself, shown in Fig. 1@The efficiency

lating flows into account elsewhere, including the Dopplerof the entire circulating system, where the heat-transfer sur-
effect of the mean flow on the oscillations and the enhanceface area necessarily consumes additional acoustic power, is
ment of the mean-flow resistance by the oscillations as delower) Equations(10) and (19) show that the pump effi-
scribed in the appendix. This calculation underestimates theiency is a function only ot and of 8=(K_—K_.)/(K_
mean flow, so it is likely that the derivation in the appendix +K ). For the experiments described hese; 0.2 and B
overestimates the effect of the oscillations on the mean-flow=0.80, so the efficiency is only about 10%. It seems likely
resistance. that gas diodes witlB as high as about 0.90 are possible,
yielding efficiencies as high as 20%.

Figure 11 indicates the importance of working near the
optimal e. For a given, desiredd and a given|p,| at the

Measurements of the acoustic power delivered by therunk, this specifies the pipe area. Minimizing mean-flow and
piston,Epist, are shown in Fig. 10. The data are plotted as aacoustic losses then suggests a single pipe with circular cross
function of the cube of the pressure amplitude, because Egection. If the pipe area is large, the gas diode itself can
(19) indicates that the acoustic power consumed by the diconsist of a plate with many conical holes in parallel, so that
odes is proportional to the cube of the volume-velocity amheir taper angle can remain narrow while their length is
plitude and the turbulent dissipation of acoustic power in theshort. Considerations of heat-transfer surface area and acous-
pipes, as in Eq9A11) and(A12), would be proportional to tic techniques to minimize dissipatith may call for
the cube of the volume-velocity amplitudefif, were inde- ~ X-dependent cross-sectional area along the pipe and for sub-
pendent of velocity. The data fall on a curve that is slightlydivision of parts of the loop into several parallel pipes.
concave downwards, indicating a dependence on amplitude
slightly weaker than the cubic. Measured piston power with)y, CONCLUSIONS
M=0 is indicated by the inverted triangles, aMi#0 is
indicated by the erect triangles.

Two sets of curves in Fig. 10 represent the results o

C. Acoustic power consumption

Gas diodes properly located in a resonant loop of piping
1g:an cause a substantial mean flow, which in turn can carry

calculations using the Doppler mathematics with 86) for subgtantial heat. For example, neMr; 50 gm/s this Ioo_p_
the dissipation of acoustic power by the diodes and Eqsc_:arned 400 W of heat from the electric heaters to the mixing

(A11) and(A12) for the dissipation of acoustic power in the c_hambfer, the g?shterlnperatur? risi_ng only 25°C allong the
pipes. Although the total calculated power is in reasonabl&'rcumference of the loop. Helium is more commonly used

agreement with the measured power, the calculations showtct;ian argon in. thermoacousti(.:'and Stirling engines and refrig-
sianificant difference in piston power betwedh=0 and erators. Straightforward similitude scalfgf the 50 gm/s
'gnim ! N p pow B operating pointd a 3 MPa, 80 Hz helium loop with total

M #0 that was not observed. The difference in the_ calculatetpength 12.6 m and pipe diameter 4.4 cm shows that with the
values arises from the dependence of Ef) on M; the  same temperature profile it would carry 6 kW, an order of
diode should require less acoustic power whe# 0. We do  magnitude that is of interest for many potential applications.
not understand why this difference does not appear in the  Whether this concept will find use in such applications
measurements. will depend in part on economic trade-offs between the low

It is natural to consider the efficiency of an isolated gasfabrication costs and high reliability of this design and the
diode as a pump. The power that it delivers to the mean flolower acoustic power consumption of traditional heat ex-
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changers. However, engineering design based on the ideaseredf,,/dNg andfy, on the right side are evaluated at the
presented here is already showing ways to reduce the acouyseak Reynolds number. Integrating the instantaneous power
tic power consumption without compromising simplicly.  dissipation over a full cycle yields the time-averaged dissi-

The steady flow created by gas diodes in a resonant loopation of acoustic power per unit length arising from
can be detected by its effect on the acoustic wave and oBR¢ (dp, /dX)U;]
time-average pressure, as well as by the heat that it carries.
The quasi-steady approximation yields results in rough dE _ 2pg|Uy[®
agreement with such measurements. However, many inter- dx  37DS?
esting fundamental questions and areas for further researc
rema?n. The mutual ?nfluence of turbulent mean and oscillay\’lnheref'VI anddfy /dNg are evaluat.ed at th? peak Reynolds
tory flows is a theoretical and experimental challenge; thdumber|Ng 4. (Note thatdfy /dNg is negative,
guasi-steady approximation used here is clearly inadequate. It is stralghtforvvgrd to extend this appfoa"h to the
Near the diodes, dense arrays of better pressure transduc@r@_sent case of superimposed steady and oscillatory flow, for
will illuminate interesting physics of vortex rollup, dissipa- whic
tiqn, and pressure recovery gt the small end of the diode.and u(t)= M/pm+|U1|Sinwt. (A3)
will answer very basic questions such as what angle suffices
to prevent separation in the cone for flow out of the large end he time-dependent friction factor is written as
of the diode. Also, details of the three-dimensional mean and

NR,mau(

. (A2)

M 3] R,l|d_NR

IM/p+|U4|sinet| .
associated dependence of temperature on position and tim R IM/prl+|U4]
m

promise to be very interesting to explore and to understand (A4)

in a way that leads to uniform heat transfer to or from the )
face of a stack or regenerator. wherefy nax anddfy, /dNg are evaluated at the maximum

Reynolds number
ACKNOWLEDGMENTS y
_(|M/Pm|+|ul|)DPm

This work was supported by OBES/DMS in the U.S. NR, max= Su
Department of Energy’s Office of Science. We thank Barton ) o
Smith and Konstantin Matveev for helpful conversations and! Nen the instantaneous pressure gradient is taken to be
David Gardner for practical contributions. dp . pm [U(D]2
ix_ Ftmlsy —s— (AB)
APPENDIX: QUASI-STEADY APPROXIMATION WITH
REYNOLDS-DEPENDENT FRICTION FACTOR with the sign chosen so that the pressure gradient opposes

To account for superimposed turbulent steady flow andhe flow at that instant. The time-averaged pressure gradient

turbulent oscillatory flow in a pipe of diametér and cross- IS obtained by evaluating
sectional are& in the quasi-steady approximation, the de- dp,o o (27edp
pendence of the Moody friction factdf, on velocity should W = ﬁf -
be taken into account.
If the volume flow ratdJ and hence the Reynolds num- and the dissipation of acoustic power per unit length is ob-
ber Ng vary sinusoidally in time, without an additive con- tained by evaluating
stant, then the instantaneous friction factgi(t) has a com- .
plicated time dependence, which has been approxirfratéd dE o JZ’T"” dp
by using a Taylor-series expansion around the peak Reynolds dx 27 J, dx
number|Ng 4|

oscillatory velocity fields in the mixing chamber, and thef dfy

é\,/l(t):fM,max+ dN

. (A5)

. dx dt (A7)

|U4|sinwt dt. (A8)

The integrations are performed piecewise between the zero
crossings oJ(t) if they exist, as in Eqs8) and(17). With

dfy
fm()=Ffy+5IN sinwt|—1), Al ;
m(0="u dNR| ral( =1 (A1) e=M/py|U4|, the results are

. 2e2—2|g|+1 dfy,
Mmax 2e5(1+(e]) dNg M)’

le|=1 (A9)

dpao M?2
ax -~ Sene) s s |1t g2

MZ

, (1+2¢?)sin Y e|+3|e|V1—g?
= _S|gr(8) 2p Dsz 2 f
m

me

M, max

. m|e|(3/2+e?)—3|e|(1+|e|)V1—e2— (1+]|e|)(1+2e2)sin Y e| dfy
me?(1+]e|) dNg  emax

le|<1 (A10)
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and

dE_ Pm|Ul|3
&__ 2DS2 |8|fM,maX
(3_2|8|)(1—2|8|) dfy
8(1+|8|) dNR R,max| |8|>1 (Al11)
2 U 3 82 3
B §;|D512| (1+7) 1-e +§8Sin718 fM,max
- 7 — & ESS'” 8_§1+—|8|
dfy,
X AN N+ [o1=1: (A12)

Equations(A9)—(A12) reduce to Eqgs(13), (14) and (18)—
(20) for dfy,/dNg=0 if f,;dx/D is associated withK.
Equation(A12) reduces to Eq(A2) if e=0.

Viscous power dissipation can be written dE/dx=
—r,|U,|%/2, wherer , is the resistance per unit length, sug-
gesting that EqstA11)—(A12) should be expressed as

_Pm|U1|
ru,turb_W |8|fM,max
(3—2|e])(1-2le]) dfy -
8(1+[e])  dNg ~myr 117
(A13)
4p.|U &2 3
:%( <1+ 7) 1-¢ +§85in718 M max
1+82 1 2+3 ., 9w 1+4g?
“| |1+ it gesin e oo Sy
dfy
xd_NRNR’max s |8|$1 (A14)

When this is compared to the equivalent result for laminar*Model

flow in the boundary-layer approximatidh,it is apparent

that this model of turbulence multiplies the power dissipation

dE/dx and the resistance per unit length by a factor

_ §VNR,max
4D

(3—2[e[)(1-2le|) dfy

|8|fM,max

NR,maX}v |8|>1 (A15)

8(1+|el) dNg
5vNR,max 82 2 3 1
=" 3.D 1+? 1-¢ +§85In €| fm. max
14 g2 I 2+3 N 97 1+4¢?
2 e SN T S T |
dfy
><d_NRNR,max ) |8|$1- (A16)

At low enough velocitiesm—1; at lower velocities the flow
is laminar. Them=1 boundary between the laminar and tur-
bulent zones occurs roughly at
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INR may=2000 for D/§,<4, (A17)
|NR,ma>J
Tév =500 for D/§,>4. (A18)
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